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Effects of impurity on tunnel magnetoresistance in a ferromagnetic electrode/carbon
nanotube/ferromagnetic electrode junction
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Effects of impurity on the spin-dependent transport in a single wall carbon nanotube spin-valve,
as ferromagnetic electrode/carbon nanotube/ferromagnetic electrode model junction is numerically
investigated. Using a generalized Green’s function method and the Landauer-Bu¨ttiker formalism,
the impurity conditions are determined by randomly substitution of carbon atoms in the honeycomb
carbon nanotube lattice by nitrogen and boron atoms. We have found that transport characteristics,
including the spin-dependent current and tunnel magnetoresistance are strongly influenced by the
impurity effects. We think that the results of the present report could be useful for designing the
future spintronic devices.
PACS numbers: 85.35.Ds, 85.65.+h, 81.07.Nb, 72.10.Di
I. INTRODUCTION
In recent years nanotechnology has attracted atten-
tion of numerous researchers due to its vast potential
applications1–22. Spintronics is one of the most attrac-
tive research areas of nanotechnology. The development
of spintronic devices based on the tunnel magnetoresis-
tance (TMR), giant magnetoresistance (GMR) and spin-
valve effects has changed magnetic memory applications.
In the conventional spin-valve geometry, a non-magnetic
spacer, which controls the total resistance of the device,
the spin polarization and transport, is sandwiched be-
tween two magnetic contacts. Among many suggestions
for possible non-magnetic spacers, organic materials pro-
vide desirable properties like flexibility, inexpensive ma-
terial and production methods have attracted investiga-
tions in the organic electronics1–12. Besides, the spin-
orbit coupling and hyperfine interactions in the organic
materials are very weak so that the spin memory can be
as long as a few seconds. Therefore the spin-flip pro-
cess during transport can be neglected3,9. Such prop-
erties make them ideal for spin-polarized transport ap-
plications. Among many types of organic materials, the
carbon nanotube (CNT) is a promising candidate as a
component in spintronic devices. Spin-polarized trans-
port through the CNT contacted by ferromagnetic leads
has also been recently investigated1,12–17.
In the other hand, understanding of the consequence
of doping on the electronic efficiency of devices based on
low-dimensional carbon-structures is a key-point for the
future development of carbon based nanoelectronics and
to the finding of novel functionalities. Namely, since the
electronic properties of CNTs are strongly related to the
delocalised electron system, clearly any modification of
the CNTs will influence these properties. Therefore, by
a suitable choice of the type of modification the elec-
tronic properties of CNTs can be intentionally tuned.
The tuning of electronic properties is also referred to as
impurity doping the CNTs. Also the substitution of car-
bon atoms in the honeycomb lattice by atoms with a dif-
ferent number of valence electrons in general introduces
additional states in the density of states. Nitrogen (N)
and boron (B) are the natural choice for doping since
they differ only by one in its number of valence electrons
compared to carbon atoms. There have been several
theoretical23–25 studies on the doping of CNTs by B and
N atoms. Also several authors26–35 have used different
experimental methods to prepare doped CNT with nitro-
gen and boron. In this paper, we have numerically inves-
tigated the coherent spin-dependent transport through
(5,0) zigzag CNT with 1.56 nm length attached to ferro-
magnetic 3-dimensional leads (FM/CNT/FM junction),
as depicted in Figs. 1(a) and 1(b) for parallel and anti-
parallel spin alignments, respectively. Using the Green’s
function method and relying on the Landauer-Bu¨ttiker
formalism, we have studied the influence of impurities
on spin-dependent transport properties and TMR in a
FM/CNT/FM model junction. In this work the impurity
conditions are determined by randomly replacing carbon
atoms in the honeycomb CNT lattice with nitrogen and
boron atoms.
II. COMPUTATIONAL SCHEME
A generalized Hamiltonian for the FM/CNT/FM junc-
tion can be expressed as;
H = HCNT +HL +HR +HC . (1)
The first term is the Hamiltonian for the CNT within the
non-interacting picture given by
HCNT =
∑
n,σ
εnd
†
n,σdn,σ −
∑
<n,m>,σ
tC−C(d
†
n,σdm,σ +H.c.). (2)
where n runs over the pi-orbitals of a carbon atom on
the CNT. The operator d†n,σ(dn,σ) creates (annihilates)
an electron with spin σ ≡↑ or ↓ at site n. εn is the on-
site energy of the carbon atom and tC−C is the nearest
neighbour electron hopping integral. Within the non-
interacting picture, the single-band tight binding Hamil-
tonian of the left (right) ferromagnetic electrode can be
2FIG. 1: A schematic FM/CNT/FM junction model for (a)
parallel and (b) anti-parallel spin alignments.
written as;
Hβ =
∑
iβ ,σ
{(ε0 − σ.Jβ)c†iβ ,σciβ ,σ
− t(c†iβ ,σciβ+1,σ + c
†
iβ+1,σ
ciβ ,σ)}. (3)
where c†iβ ,σ(ciβ ,σ) denotes the creation (annihilation) op-
erator of an electron with spin σ at site i in the electrode
β(= LorR). t and ε0 are the nearest neighbour hopping
integral and the on-site energy, respectively. Here −σ.Jβ
is the internal exchange energy and Jβ denotes the molec-
ular field at site iβ . The last term of Eq. 1, HC denotes
the coupling between CNT and FM electrodes
HC =
∑
n,σ
∑
i,σ
tc(n,σ,i)(c
†
i,σdi,σ +H.c), (4)
where the matrix elements tc(n,σ,i) represent the coupling
strength between CNT, and FM electrodes are taken to
be tc. For a complete system, i.e., CNT with two FM
electrodes, the spin-dependent Green’s function can be
written as;
Gσ(E) =
[
E1−HCNT − ΣL,σ − ΣR,σ]−1, (5)
ΣL,σ and ΣR,σ are the self-energy matrix due to coupling
of CNT to the left and right electrodes respectively and
given by
Σβ,σ(E) = τCNT,β gβ,σ τβ,CNT , (6)
where τ is the hopping matrix that couples CNT to the
FM electrodes, and gβ,σ is the surface Green’s function
of FM electrodes which is given by36;
gβ,σ(n,m; z) =
∑
k
ψk(rn)ψ
∗
k(rm)
z − ε0 + σ.Jβ − E(k) , (7)
where rn ≡ (xn, yn, zn), k ≡ (lx, ly, kz) , z = E + iη ,
ψk(rn) =
2
√
2√
(Nx + 1)(Ny + 1)Nz
sin(
lxxnpi
Nx + 1
)
× sin( lyynpi
Ny + 1
) sin(kzzn), (8)
and
E(k) = 2t
[
cos(
lxpi
Nx + 1
) + cos(
lypi
Ny + 1
) + cos(kza)
]
. (9)
Here, lx,y(= 1, ..., Nx,y) are integers, Nξ with ξ = x, y, z
is the number of lattice sites in the ξ direction and k ∈
[−pi/a, pi/a]. The number of atoms at the cross-section
of FM electrodes are taken to be Nx = Ny = 5. We
assume that only the central atom at the electrode cross-
section connected to the one carbon atom at the end of
CNT lattice. The broadening matrix ΓL,σ(ΓR,σ) can be
calculated through the expression,
Γβ,σ = −2Im(Σβ,σ). (10)
Neglecting the spin-flip scattering effects, one may con-
sider transport of spin-up and spin-down electrons sep-
arately. The spin-dependent transmission probability of
an electron in the CNT can be calculated using the fol-
lowing relation37:
Tσ(E) = Tr(ΓL,σG
r
σΓR,σG
a
σ). (11)
WhereGrσ and G
a
σ are the retarded and advanced Green’s
function. Based on non-equilibrium Green’s function
method, the spin-dependent current as a function of
the applied bias voltage in the low-bias limit can be
computed in the framework of the Landauer-Bu¨ttiker
formula37:
Iσ(Va) =
e
h
∫ +∞
−∞
Tσ(E)
[
fL − fR
]
dE, (12)
where fL(R) = f(E − µL(R)) is the Fermi distribution
function at the left (right) electrode with chemical poten-
tial µL(R) = EF± eVa2 and Fermi energy EF . For the sake
of simplicity, here we have assumed that the total voltage
is dropped across CNT/electrode interface, and this as-
sumption does not highly affect the qualitative aspects of
current-voltage characteristics. In fact, the electric field
inside the CNT, especially for short length CNT, seems to
have an insignificant effect on the I − V characteristics.
On the contrary, for longer CNT and higher bias volt-
ages, the electric field inside the CNT may play a more
considerable role depending on the structure of the CNT,
but yet the effect is very small38. The tunnel magnetore-
sistance (TMR) can be defined as a relative change in
the current of the system when magnetization of two FM
electrodes switch between parallel (P) and anti-parallel
(AP) configurations, hence: TMR ≡ IP−IAP
IP
. In fact
the TMR is associated with asymmetry of the density of
states for two spin channels in the FM electrodes.
3III. RESULTS AND DISCUSSION
Based on the formalism described in section 2, we
represent the results of numerical calculations. Tight-
binding parameters for FM electrodes chosen to be ε0 =
3 eV , t = 1 eV and |Jβ | = 1.25 eV . In our calculation,
the on-site energy of C, N and B atoms are assumed to
be 0, -2.50 and +2.33 eV, respectively39,40. The nearest
neighbour electron hopping integrals are tC−C = −3 eV ,
tC−B = −2.7 eV and tC−N = −3.14 eV . As a reference
energy, the Fermi energy of FM electrodes is set EF = 0
and the coupling between CNT and two FM electrodes
set as tc = 0.3 eV . Magnetization direction in the left fer-
romagnetic electrode is fixed in the +y direction, while
the right electrode is free to be flipped into either the +y
or −y direction by an external magnetic field. For paral-
lel (P) alignment of magnetization in the FM electrodes,
spin-up and spin-down electrons encounter a symmetric
structure, while for anti-parallel (AP) alignment these
electrons encounter an asymmetric structure. A low tem-
perature of T = 11K is taken to avoid spin flip in the
electron transport progress2.
In Fig.2, we have plotted surface density of states
(SDOS) of the isolated FM electrodes and density of
states (DOS) of the isolated CNT for pure and randomly
doped B and N atoms with 8% concentrations in both
parallel and anti-parallel configurations. The discrete-
ness of molecular levels is observed from DOS graphs.
Furthermore, Fig.2 shows that dopant shifts HOMO and
LUMO levels away from the Fermi energy. Therefore, in
the presence of dopants, symmetry of DOS about the
Fermi energy (for pure case) is broken. The shift of
HOMO and LUMO levels depends on concentration of B
and N atom doping. B doping (N doping) of CNT shifts
HOMO and LUMO levels towards the higher (lower)
energies41. Consequently, HOMO-LUMO energy gap will
change.
We then calculated DOS and logarithmic scale of trans-
mission function for FM/CNT/FM junction for P and
AP configurations, which are presented in Fig. 3. As it
can be seen, when isolated CNT contacted to FM elec-
trodes, the contribution of the electronic levels of the
electrode surface increases DOS. However, we can see a
remarkable difference between DOS of the P and AP
configurations, which can effect on transmission function
as shown in Figs. 3(a) and 3(b).
The resonance peaks in transmission probability are
associated with eigenenergies of CNT. When electrons
go from the left to right FM electrode one through CNT,
electron waves propagating along different branches of
CNT honeycomb lattice may suffer a relative phase shift
between themselves. Consequently, there might be con-
structive or destructive interference due to the superposi-
tion of the electronic wave functions along various path-
ways. Therefore, transmission probability changes. Also,
we observe some anti-resonant states appear in trans-
mission probability in Figs.3(c) and 3(d). These anti-
resonant states are related to the quantum interference
effect. In general, transmission probabilities are higher
for P alignment than AP alignment. This difference
is associated with the asymmetry of SDOS of the FM
electrodes for spin-up and spin-down electrons as shown
in Fig.2 and quantum tunnelling phenomenon through
a CNT.In the presence of N and B atoms, with shift-
ing HOMO and LUMO levels, the position of resonance
peaks changes (inset of Fig.3 (c)).
In order to provide a deep understanding of spin-
dependent transport, we have plotted current-voltage
characteristics of FM/CNT/FM system for (a) P and (b)
AP configurations in Fig.4. It is observed that the pres-
ence of impurities have a profound effect on the current
amplitude. Threshold voltage changes in the presence of
B and N atoms, owing to altering the energy gap. By de-
creasing energy gap, the nearest molecular levels to the
gap is less separated from the Fermi level, and smaller
voltage is needed for turning current on. In P config-
uration the majority (minority) electrons with spin-up
(spin-down) in the left FM electrode move into the ma-
jority (minority) states in the right FM electrode by tun-
nelling through CNT. For AP configuration the majority
(minority) electrons with spin-up (spin-down) in the left
electrode move into the minority (majority) states in the
right FM electrode. Therefore, total current amplitude
in P alignment is higher than AP alignment.
In Fig.5 we have depicted TMR ratio as a function
of applied bias voltage in the absence and presence of
impurities. As illustrated, TMR ratio shows maximum
value (78%) for lower bias voltages. By increasing ap-
plied voltage, TMR shows a sharp drop and after that
it varies slowly. In the low bias voltages for maximum
value of TMR, there is no molecular level available in
the gap region of CNT so that electrons can tunnel be-
tween the chemical potential of the left and right FM elec-
trodes. Then, in the low-voltage regime current is small
and TMR ratio is large. When bias voltage increases, the
electrochemical potentials in electrodes are shifted gradu-
ally, and some of the energy states are pushed up between
the chemical potential of the right and left electrodes and
current of tunnelling through junction increases remark-
ably. Our results are qualitatively in agreement with the
experimental measurements41. Moreover, because of the
different energy gaps in the absence and presence of im-
purity, we can see that the first sharp decrease of TMR
happens for different values of bias voltage. As a result
one may tune TMR ratio with applied voltage and also
impurities.
In Fig.6, we have plotted TMR as a function of ap-
plied bias voltage for different amount of B atoms as an
impurity concentration. Because of the different HOMO-
LUMO gap of CNT in the presence of different amounts
of impurities, we can see that the decrease of TMR oc-
curs for various values of bias voltage. Also for higher
amount of impurity (12%), maximum value of TMR ra-
tio decreases.
4IV. CONCLUSIONS
To summarize, based on Landauer-Bu¨ttiker formalism,
we have studied the effects of impurity on spin-dependent
transport through a single wall carbon nanotube (CNT)
attached to ferromagnetic (FM) 3-dimensional leads as
FM/CNT/FM model junction. We choose (5,0) zigzag
CNT and study effects of randomly replaced carbon
atoms in the honeycomb CNT lattice with nitrogen and
boron atoms. Our results indicate that spin transport
characteristics, including the spin-dependent current-
voltage characteristics, the transmission probability and
tunnel magnetoresistance (TMR) are strongly influenced
by type of impurity as well as its concentration. Re-
sults show that the existence of impurities can change
the HOMO-LUMO energy gap. Consequently, current
amplitude and threshold voltage undergo changes. Fi-
nally, introduction of impurity can shift the first sharp
decreasing point of TMR with decreasing the maximum
value of TMR ratio.
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